Northern sea otters (Enhydra lutris kenyoni) are experiencing rapid population growth and expansion in Southeast Alaska. Fluctuations in population density can produce profound changes in ecological constraints, influencing growth and sexual maturity of animals in a population, and can transform the ecology of newly populated ecosystems. Using morphometric measurements and reproductive tracts collected from 40 sea otters by an Alaska Native subsistence hunter, we evaluated growth rates and age at sexual maturity of male sea otters near Gustavus, Alaska. Standard length of mature otters (asymptotic size = 148.2 ± 2.9 cm [SE]) was greater than previous studies in Alaska. At puberty, mean seminiferous tubule diameter, baculum length, and testes mass increased abruptly at 130 cm body length. Animals in this study reached sexual maturity earlier than previous studies, at age 3-4 years. Baculum length increased rapidly at sexual maturity and was a good indication of maturity status (< 14 cm = immature). Increased body size and lower age of sexual maturity suggests resources are not limiting growth and maturation of sea otters near Gustavus, Alaska.
Population density plays a crucial role in determining the growth and reproductive characteristics in mammals (Fowler 1987 (Fowler , 1990 Wauters and Lens 1995; Bonenfant et al. 2002; Williams et al. 2013 ). As population density increases, the per capita prey availability typically declines and organisms must make trade-offs between survival, growth, and reproduction (Stearns 1989) . Life history theory predicts that growth should be slower and sexual maturity achieved later as resources become limiting (Stearns 1992) . As population density increases, the body mass of individuals typically declines and animals often reduce the amount of energy allocated to reproduction, increasing the age of 1st reproduction and reducing reproductive success (Scheffer 1955; Stearns 1976; Bengtson and Laws 1985; Fowler 1990; Wauters and Lens 1995; Festa-Bianchet and Jorgenson 1998; Williams et al. 2013) . Early maturation at a large body size may indicate rapid growth and good environmental conditions due to low population density and/or plentiful resources (Stearns and Koella 1986) . Consequently, understanding growth and reproduction of marine mammal populations is not only important for management but also can provide insight into population density, prey availability, and ecosystem-level changes.
Northern sea otters (Enhydra lutris kenyoni) are widely distributed in coastal waters of the North Pacific, from the Aleutian Islands in the west, throughout the Gulf of Alaska, and south into British Columbia and Washington. Within Alaska, there are 3 separate stocks: Southwest, Southcentral, and Southeast. The Southeast stock ranges from Dixon Entrance in the south to Cape Yakataga in the north (Gorbics and Bodkin 2001) . Sea otters in Alaska were hunted extensively by Russian fur traders starting in the late 1700s, and by the late 1800s were extirpated from Southeast Alaska (Kenyon 1969; Jameson et al. 1982) . From 1965 to 1969, the Alaska Department of Fish and Game, with the assistance of other state and federal agencies, reintroduced 412 sea otters from Prince William Sound and Amchitka Island to 6 sites in Southeast Alaska (Jameson et al. 1982; Riedman and Estes 1990; Esslinger and Bodkin 2009 ). The reintroduction was successful, and since the late 1900s, sea otters have rapidly recolonized portions of Southeast Alaska (Estes 1990; Estes et al. 1996; Doroff et al. 2011) .
The Southeast Alaska stock has doubled in size since 2003. Specifically, Glacier Bay National Park and Preserve (GBNPP) increased by an average annual rate of 50% between 1998 and 2004, and 20% over the last 6 years Bodkin et al. 2007; USFWS 2014a) . When colonizing new areas, sea otter population growth can be as high as 20% per year (Estes 1990 ). Such high rates of increase in GBNPP in the late 1990s/ early 2000s are thought to be the result of significant immigration of sea otters from portions of Icy Strait and Cross Sound starting in the mid-1990s, where there was a decline of 7% per year between 1994 and 2004 (Bodkin et al. 2002; Bodkin et al. 2007) . The current rate of 20% increase per year over the last 6 years for GBNPP appears to indicate that immigration into the park has subsided in recent years. Large changes in the population density, and likely the resource availability, may be affecting the reproductive characteristics of the sea otters in the GBNPP region.
Female sea otter reproduction is fairly well studied in Alaska (Sinha et al. 1966; Sinha and Conaway 1968; Bodkin et al. 1993; Jameson and Johnson 1993; Eberhardt and Schneider 1994; Monson and DeGange 1995; von Biela et al. 2009; von Biela et al. 2008 ), but few studies have examined male reproduction (Kenyon 1969; Schneider 1978; Garshelis et al. 1984; Riedman and Estes 1990) . From what is known, spermatogenesis in male sea otters occurs throughout the year and old animals show no indication of diminished sperm production (Kenyon 1969) . In Alaska, sea otter mating and pupping occurs at all times of the year (Kenyon 1969; Riedman and Estes 1990 ). However, in Prince William Sound, there is a peak in mating in late fall/early winter and a peak in pupping in late spring/early summer (Kenyon 1969; Garshelis et al. 1984) . When not breeding, sea otters are often sexually segregated (Kenyon 1969; Garshelis et al. 1984; Riedman and Estes 1990) . Juvenile males leave natal areas and migrate to adult male areas immediately following weaning at around 6 months (Garshelis et al. 1984) . Sexual maturity for male sea otters is thought to occur around 5 years of age in California (Green 1978 ) and 5-6 years in Alaska (Schneider 1978) . However, males may not successfully mate until years after reaching sexual maturity, as male size and age are important determinants of mating success (Garshelis et al. 1984) .
In conjunction with the large increase in sea otter abundance in Southeast Alaska, subsistence hunting of sea otters has steadily increased over recent years, from 668 otters in 2008 , to 952 in 2012 , to 1,497 in 2013 (USFWS 2014b . Subsistence harvests provide a valuable opportunity to work with Native Alaskan hunters to collect measurements and fresh biological tissue samples (biosamples), from harvested animals.
This study investigates growth and onset of sexual maturity of male sea otters using morphometric measurements and macro-and microscopic analysis of reproductive organs from a rapidly expanding group of sea otters adjacent to GBNPP. Specific objectives were to determine (1) age and size at sexual maturity and (2) morphometric changes based on age and reproductive state for male sea otters.
Materials and Methods
Study area and animals.-Forty-one male sea otters were collected by an Alaska Native subsistence hunter in the waters adjacent to Gustavus, Alaska, between March and September 2013 (Fig. 1) . Samples for this research were collected from only the first 40 male sea otters harvested (Table 1 ). In the field, the hunter measured standard length and axillary girth of each sea otter to the nearest 0.64 cm (0.25 inch) using a flexible vinyl measuring tape. Standard length was measured from the tip of the nose to the tip of the tail along a flat surface with the sea otter on its back. Axillary girth was measured around the body of the otter at the axilla. Both testes and the baculum were removed from each sea otter, placed in a Ziploc bag, and delivered to Juneau, Alaska, within 24 h of the conclusion of the hunting trip. A premolar or incisor tooth was removed from the skull by the hunter in the field or else the skull was brought to the laboratory and a premolar tooth was removed for age analysis.
Laboratory analyses.-Samples were analyzed fresh in the laboratory within 3 days of the conclusion of the hunting trip for all but 1 trip. The final trip had extended transit time and longer processing times due to a large number of samples, and consequently samples were not analyzed completely until 7 days after the conclusion of the hunting trip. The baculum and both testes, with the epididymides attached, were trimmed of excess tissue and then weighed to the nearest 0.1 g. The length, width, and depth of each testis were measured to the nearest 0.1 mm using dial calipers. The right testis of 1 sea otter (ID #1) could not be located, and we were unable to determine if it was due to a lack of collection by the hunter or that the testis was cryptorchid. Testes measurements are absent for that individual. The straight length of each baculum was measured to the nearest 0.1 cm using a flexible vinyl measuring tape. Individual ages were determined from the extracted premolar or incisor. Teeth were prepared, analyzed, and aged based on growth layers in the cementum at Matson's Tooth Aging Laboratory (Milltown, Montana). Each tooth was assigned a certainty code by Matson's Laboratory, signifying a reliability index. The highest, or "A," certainty code indicates that the cementum characteristics of the tooth very nearly match those for the standardized cementum aging model for the species and tooth type. For a "B" certainty code, there is histological evidence to support the result, and the correct age is expected to be within a range given. All the teeth in this study were aged with either an A or B certainty code. Ages are missing from 9 sea otters due to a lack of collection or tooth breakage.
Testes were stored frozen after the gross morphological analysis and then thawed and fixed in 10% formalin for histological analysis. The testes were sent to Histology Consultation Services, Inc. (Everson, Washington) for processing. Tissues were dehydrated, embedded in paraffin, sectioned to 4-5 µm by microtome, and stained using a standard hematoxylin and eosin stain for microscopic examination. Ten round seminiferous tubules were randomly identified for each right testis. For 1 individual, the left testis was measured due to damage to the right testis during freezing to the extent that 10 round seminiferous tubules could not be located. The seminiferous tubule cross section diameter (STD) was measured twice for each tubule at 90° angles to one another across the tubule based on the opening of the stroma (O'Hara et al. 2002) . Every seminiferous tubule was characterized by the complexity of its epithelium, the presence/extent of a lumen, and the presence or absence of spermatozoa. The presence or absence of spermatozoa was also noted for the epididymis.
Data analyses.-Changes with age in standard length, axillary girth, mean STD, mean testes length, width, mass, and volume, and baculum length and mass were described using Gompertz growth curves (Gompertz 1825; Ricker 1979) , of the form:
where S t is the size at time t, A ͚ is the asymptotic maximum size, k and b are model constants to be derived, t is the age in years, and e is a mathematical constant that is the base of the natural logarithm (2.71828). Growth models were fit in R, Each sea otter was characterized as reproductively immature, pubertal, or mature based on the characterization and diameters of the seminiferous tubules. Immature animals had closed tubules with no obvious lumen, a simple epithelium that consisted of a single layer of prospermatogonia along the basement membrane, no spermatozoa present in the testis or the epididymis, and STDs that were markedly small in size. Mature animals had open tubules with pronounced lumens, complex epithelia, spermatozoa present in the testis and the epididymis, and large STDs. Pubertal animals' seminiferous tubules were complex but were not fully open and they lacked spermatozoa in the epididymis (Fig. 2) . Mean morphometric and reproductive measurements were calculated for each reproductive category (immature, pubertal, and mature) and were compared using analyses of variance and post hoc Tukey-Kramer multiple comparison tests. Although 3 animals were determined to be going through puberty, only 2 had measurements of standard length and axillary girth, which was too small to conduct statistical analyses. Consequently, Welch's 2-sample t-tests were conducted for those measurements to test for differences in standard length and axillary girth of mature and immature animals. The significance level for all tests was P < 0.05.
Results
The age of male sea otters used in this study ranged from 0 to 14 years. One-year-old animals were absent from the sample. All 6 sea otters aged 0 years by the analysis of cementum layers in their teeth were assigned an age of 0.5 years for growth curve analysis based on their large standard lengths. In Alaska, newborn sea otters are between 40 and 60 cm (Kenyon 1969) , and all of the 0-year-old animals in this study were greater than 100 cm in length. The mean of the left and right testis was calculated due to no significant difference between testes for length (Student's t-test; paired t 76 = 0.17, P = 0.86), width (Student's t-test; paired t 76 = 0.015, P = 0.99), depth (Student's t-test; paired t 76 = 0.15, P = 0.88), or mass (Student's t-test; paired t 76 = 0.13, P = 0.89). Growth with age in standard length, axillary girth, mean STD, baculum length and mass, and mean testes length, width, volume, and mass were all asymptotic. The changes in these measurements with age were described well by the Gompertz growth curves. Parameters for the models, including asymptotic size, are presented in Table 2 . The maximum recorded standard length and axillary girth were 160 and 78.7 cm, respectively, and were from the same individual from which the age was unknown. The standard length and axillary girth for 1 individual (Sea Otter ID #43) were not included in the analyses because the standard length value was unrealistically low, and when verified with the subsistence hunter, it was determined that none of the tanned hides from that day's hunt were near the size recorded. The measurement was considered compromised by a recording error and deleted from further analysis.
All measurements showed a large increase in size between 0 and 2 years, which was most pronounced in baculum length and mass, STD, and all 4 testes measurements (Figs. 3 and 4a) . Growth rate for all measurements began to decrease around 2-3 years of age and approached a horizontal asymptote, with the exception of baculum mass, which did not decrease until age 3-4 years (Figs. 3 and 4a) .
Mean STD, baculum length, and mean testes mass were plotted as a function of sea otter standard length and all showed an abrupt increase in size at 130 cm body length (Figs. 4b and 5). Mean STD was also plotted versus baculum length and mean testes length and showed a marked increase to 140 µm at between 12 and 15 cm baculum length and above 30 mm mean testes length (Figs. 4c and 4d) . At puberty mean STD, baculum length, and mean testes mass increased abruptly 104%, 42%, and 189%, respectively, at 130 cm body length (Table 3; Figs. 4b and 5).
Of the 40 male sea otters in this study, 8 were determined to be immature, 27 mature, 3 pubertal, and 2 unknown, based on testicular histology. Of the 2 unknown animals, 1 did not have any reproductive parts collected and the other did not have any testes measurements, and therefore sexual maturity could not be assessed. The mean STD was 169.3 ± 12.8 µm (SD) for mature sea otters and 72.9 ± 18.3 µm for immature animals. Three sea otters were determined to be going through puberty at the time they were harvested based on a lack of spermatozoa in the epididymides, seminiferous tubules that were not fully open, and smaller STDs than mature animals (Fig. 2) . Their mean STD was 149.0 ± 3.9 µm. All morphometric and reproductive measurements varied significantly among reproductive categories (P < 0.05; Table 3 ). For all reproductive measurements (baculum length and mass, mean testes length, mean testes volume, mean testes mass, and mean STD), immature animals were significantly smaller (P < 0.05) than both mature and pubertal animals (Table 3) . However, pubertal animals were not significantly different from mature animals for any reproductive measure, with the exception of mean testes mass (Table 3) . Animals going through puberty had a significantly smaller testes mass than mature animals. Mature animals had significantly greater standard lengths and axillary girths (P < 0.05) compared to immature animals ( Table 3) .
The youngest sea otter classified as mature was 2 years old, based on tooth aging, and all animals 4 years and older were mature (percent mature: 2 years = 33% [1 of 3], 3 years = 83% [5 of 6], 4+ years = 100% [15 of 15]). The single 2-year-old animal classified as mature had a B confidence level for its tooth age estimate and had an age range of 2-3 years. Its morphometric measurements aligned closely with the other 3-yearold sea otters in the study. We estimate that sexual maturity in male sea otters from Gustavus, Alaska, occurs between 3 and 4 years of age.
Discussion
The group of sea otters adjacent to GBNPP appears to be a maledominated group. The Native subsistence hunter we worked with to obtain the samples for this research harvested 49 sea otters just outside of GBNPP between March and September 2013, near Gustavus, Alaska, and of those 49, forty-one were male and only 8 were female. As the hunter indicated that he harvested opportunistically and was not targeting specific animals, the ratio of 84% males is likely representative of the sex ratio in that region.
In this study, 6 animals were aged at 0 years old. Sea otters can breed throughout the year, and consequently there is no accurate way to determine the exact age of 0-year-old animals. Pups in Alaska are typically weaned after 6 months, at which point males would migrate to a male area (Garshelis et al. 1984) . Due to sexual segregation, one would not expect to have male animals less than 6 months of age in a male area unless they were with a female that was in the region. Additionally, newborn sea otters in Alaska are typically between 40 and 60 cm standard length (Kenyon 1969) , and Ballachey et al. (2003) found that male sea otter pups still with their mothers in Prince William Sound were on average between 94 and 97 cm. The smallest 0-year-old animal in our study was greater than 100 cm. Consequently, we concluded that the 0-year-old animals in this study were at least 6 months of age.
One-year-old sea otters were absent from this study. Sea otter pups can be born at any time of the year, although in northern latitudes, there is a peak in pupping in late spring/early summer. The cementum tooth layers that are used to estimate age are typically deposited in winter; however, especially in the early years of life, there is evidence that cementum deposition in sea otters can be quite variable (Bodkin et al. 1997) . If a pup is born in late summer/early fall, it could conceivably not deposit a cementum layer until its second winter. So that animal may truly be a year old when harvested but be aged at 0 years from tooth analysis. For the 6 sea otters in our study aged at 0 years old, there does appear to be a separation of size in standard length (Fig. 3a) . It is possible that some of those 0-year-old otters were 1 year old at the time of harvest; however, there is no definitive way for that to be determined, and for this study we assigned ages based on the cementum tooth aging. Growth in standard length of male sea otters in this study was greater than previous studies in Alaska. Male sea otter growth in the Aleutian Archipelago attained asymptotic standard length at 118.7 ± 2.7 cm (SE) between 1967 and 1971 and 131.5 ± 1.3 cm between 1992 and 1997 (Laidre et al. 2006) . Our asymptotic standard length (148.2 ± 2.9 cm) was greater than both of those time periods. During the 1967-1971 period, the sea otter population in the Aleutian Archipelago was near carrying capacity, while during the 1992-1997 period, the population was in a large decline (Laidre et al. 2006 ). However, many of the animals from the 1992-1997 period in the Laidre et al. (2006) analysis were born and may have reached their asymptotic size before the onset of the decline in the Aleutian Archipelago, which is thought to have occurred in the mid-1980s . This likely explains the large difference in the asymptotic size by Laidre et al. (2006) and the current study, as the structural size would have been set before any release from density dependence. Standard length continued to increase through 2004 when the population size was extremely low, although sample size was very small (n = 2- Laidre et al. 2006) . Laidre et al. (2006) concluded that the depressed population was afforded greater per capita food resources, allowing the animals in the population to attain greater sizes in both length and mass in a shorter amount of time. Consistent with this, adult sea otters Table 2 for parameter values. Open squares, cross symbols, filled triangles, and filled circles represent mature, immature, pubertal, and unknown animals, respectively. Certain animals were not included due to missing ages (9), standard length (2), axillary girth (2), or testes measurements (1).
from a dense population (Amchitka Island) exhibited smaller sizes than those from a sparse population (Shumagin/Unimak/ Adak Islands area- Kenyon 1969) . However, Kenyon (1969) measured the mean standard length of adult animals, instead of the asymptotic length as measured in this study and the Laidre et al. (2006) study. He defined adult animals by observations of dentition, sagittal crest development, and baculum size in males.
Without specific definitions of those criteria, a direct comparison with our data was difficult, but taking the mean of all sea otters 4 years and older (age at which all animals were mature) in our study produced a mean standard length of 147.2 ± 7.5 cm (SD). This value is greater than the mean standard lengths for both the Amchitka (135.0 ± 4.3 cm) and Shumagin/Unimak/ Adak (140.8 ± 0.5 cm) populations (Kenyon 1969) . Table 2 for parameters). Open squares, cross symbols, filled triangles, and filled circles represent mature, immature, pubertal, and unknown animals, respectively. Some animals were not included owing to missing ages (9), standard length (2), mean testes length (1), or STD (2). -Sea otter (Enhydra lutris kenyoni) a) baculum length (n = 38) and b) mean testes mass (n = 37) versus standard body length. Open squares, cross symbols, filled triangles, and filled circles represent mature, immature, pubertal, and unknown animals, respectively. Three animals were not included owing to missing standard body length (2) animals or mean testes mass (1).
Growth in mean testicular mass for sea otters in our study slowed at 2-3 years of age and the Gompertz growth model produced an asymptotic size of 26.0 ± 1.2 g. For male sea otters near Amchitka Island in western Alaska, if the testicular mass was greater than 14 g, spermatozoa were present, indicating that reproduction was possible (Kenyon 1969) . Our results lack data from 1-year-old animals, making it difficult to compare directly to those results. However, all animals 2 years and older had spermatozoa present and had testis mean mass greater than 17.5 g. All immature animals had testicular masses less than 8 g, with the exception of 1 individual. That individual (#8) was classified as immature by a lack of spermatozoa in both its testes and epididymides and by the small and noncomplex nature of the seminiferous tubules. However, all the body and reproductive morphometric measurements were of a size that would indicate the animal should be mature (standard length = 148.6 cm, axillary girth = 73 cm, baculum length = 16.4 cm, baculum mass = 66.6 g, mean testes length = 49.6 mm), except for mean testes mass (16.75 g) which fell in between the values for immature and mature animals. Unfortunately, the age of this animal is unknown due to lack of tooth collection and the inability to examine the skull. The large size of the animal and its baculum, but lightweight testes and undeveloped seminiferous tubules suggest the animal is reproductively sterile. It is possible that this animal may have been senescent; however, male sea otters are thought to not have diminished sperm production with age (Kenyon 1969) .
The growth of the baculum is stimulated at the onset of sexual maturity by male hormones (Wright 1950) . Its development is rapid, and it is therefore thought to be a useful measurement to distinguish sexually immature and mature animals (Green 1978) . Baculum length in sea otters from this study showed a clear distinction between immature and mature animals. If individual #8 that was mentioned earlier is excluded, the baculum length for immature animals ranged from 8.5 to 11.3 cm (n = 7), while for mature animals, it ranged from 14.7 to 17.9 cm (n = 27). The baculum length of animals going through puberty (15.1-16.1 cm; n = 3) overlapped with mature animals, but not with immature animals. These data suggest that the maturity status of a male sea otter can be evaluated by examining the length of its baculum. Animals with bacula lengths less than 14 cm would be considered immature.
Aging mammals from the layers of cementum in the teeth is a well-established technique (Fancy 1980; Bodkin et al. 1997) but is subject to the skill and judgment of the reader and the condition of the tooth. The reader assigns a confidence level to each tooth, indicating how certain they are of the estimated age. All of our teeth had a confidence level of either an A or B. If a reader assigned a B confidence level, they also provided an age range of usually 2 years, but up to 3 years. For 7 teeth aged with B confidence in our study, the animals were 5 years or older, which is beyond the age at which sexual maturity was estimated to occur and after which the majority of growth had taken place. However, there were 6 animals with B confidence estimates that were in the 0-to 3-year-old range, which is extremely important for evaluating sexual maturity. One of the Table 3 .-ANOVA results, mean, SD, range, and sample size (n) for body size and reproductive measurements for immature, pubertal, and mature sea otters (Enhydra lutris kenyoni).
Classification of maturity was based on testicular histology. animals determined to be going through puberty was estimated to be 2 years old but had an age range of 1-2 years. However, all of its reproductive and morphometric measurements aligned with the other 2-year-old animal going through puberty, which had A confidence level age estimates. The single 2-year-old animal that we determined to be mature had a B confidence level and an age range estimate of 2-3 years. All of its morphometric and reproductive measurements were higher than the other two, 2-year-old otters and aligned more closely with the other 3-year-old animals in our study. It is possible this was truly a mature, or pubertal, 2-year-old sea otter; however, in our opinion the data suggest that animal was 3 years old. We estimated sexual maturity to occur at 3-4 years of age for the sea otters in our study. This is lower than previous estimates for sea otters in Alaska (5-6 years -Schneider 1978) and California (5 years -Green 1978) . Maturation has been shown to occur at younger ages at lower population density, when growth rate increases in response to greater food resources (Bengtson and Laws 1985; Bowering 1989; Jørgensen 1990; Pistorius et al. 2001; Schradin et al. 2009 ). Female sea otters have been shown to exhibit plasticity in the age at 1st reproduction with variation in population density; however, that effect was rather small (about 0.5 years-von Biela et al. 2009 ). The results from this study suggest that for male sea otters, population density plays a large role in determining reproductive characteristics, indicated by the large difference in age at 1st reproduction (~2 years) between high-and low-density populations. The population status and the ecology of the Glacier Bay region support the finding of a lower age at sexual maturity. Population levels are not at carrying capacity and Glacier Bay and the surrounding areas have a rich supply of benthic organisms for sea otters to consume . Increased body size and lower age of sexual maturity of sea otters near Gustavus, Alaska, is consistent with the assessment of Bodkin et al. (2006) that resources are abundant and not limiting maturation rates of male sea otters near Glacier Bay.
